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Cosmogenic neutrinos are produced when ultra-high-energy cosmic rays (UHECRs) interact with
cosmological photon fields. Limits on the diffuse flux of these neutrinos can be used to constrain
the fraction of protons arriving at Earth with energies Ep & 30 EeV, thereby providing bounds
on the composition of UHECRs without fully relying on hadronic interaction models. We show
to which extent current neutrino telescopes already constrain this fraction of protons and discuss
the prospects for next-generation detectors to further constrain it. Additionally, we discuss the
implications of these limits for several popular candidates for UHECR source classes.
Understanding the composition of ultra-high-energy
cosmic rays (UHECRs) is crucial to elucidate their origin,
which remains an open problem in astrophysics. This is
especially true at the highest energies (E & 30 EeV) as
there protons are expected to point back to their sources,
while heavier nuclei might still be deflected significantly
by Galactic and extragalactic magnetic fields (see e.g.
Refs. [1, 2]). However, due to the small flux of cosmic
rays at these energies and the dependence on hadronic in-
teraction models, it is challenging to determine the com-
position reliably. The Pierre Auger Observatory and the
Telescope Array (TA) have nonetheless been able to pro-
vide first indications of what the composition at these
energies might be [3–6]. Efforts to improve on this are
underway with planned upgrades of both Auger (Auger-
Prime) [7] and TA (TAx4) [8].
The measurements by Auger indicate that the depth
of the shower maximum (Xmax) – a proxy for the com-
position – favors the interpretation of a very light com-
position at ∼ 2 EeV, dominated by protons, with the
average mass composition increasing with energy after
that. This increase seems to stop, however, at an energy
of ∼ 50 EeV [9], which might be an indication for a sub-
dominant light component at these energies. TA’s mea-
surements of Xmax are compatible with the results found
by Auger within uncertainties [10]. However, as TA has
collected a smaller number of cosmic rays and is also less
sensitive to the composition than Auger, a larger range
of composition scenarios (even a pure-proton case [6]) is
still possible in the northern hemisphere.
Additionally, predictions by different air-shower simu-
lation models leave room for varying interpretations of
the data. State-of-the-art hadronic-interaction models
such as Sibyll2.3c [11], EPOS-LHC [12] and QGSJetII-
04 [13] have been designed taking into account LHC data.
However, the required extrapolation in energy and phase
space to simulate UHECR air showers leaves room for
disagreement. The current problems include a signifi-
cantly larger hadronic component, which manifests itself
as a surplus of muons at ground compared to the simu-
lations [14–16]. An interaction-model independent probe
of the composition is, therefore, very desirable.
We present here a new method to constrain the compo-
sition, in particular the fraction of protons at Earth (f),
at E & 30 EeV without relying on air-shower observ-
ables. This method is based on the (non-)observation of
cosmogenic neutrinos.
Cosmic-ray interactions with the cosmic microwave
background (CMB) and the extragalactic background
light (EBL) can produce neutrinos of cosmogenic origin.
Additionally, unstable atomic nuclei, produced during
photodisintegration or photo-pion production, may un-
dergo nuclear decay and produce cosmogenic neutrinos.
Recently, much effort has been put into interpreting
the spectrum and composition measurements in terms
of simple astrophysical models. To this end, the main
ingredients needed relate to source properties: spec-
tral index, maximal energy attainable, abundance of
each nuclear species, luminosity, distribution, and evo-
lution. The combined spectrum-composition fits per-
formed in Refs. [17–20] are first approaches to the prob-
lem and use a number of simplifying assumptions. These
fits, in most cases, find as best fit an intermediate to
heavy composition (dominated by nuclei with charge
Z ≥ 6), a relatively hard injection spectrum (spectral
index α . 1.3), and a relatively low maximum rigid-
ity (Rmax ≡ Emax/Z . 7 EV, where Emax is the maxi-
mum energy) of the sources. Under these assumptions,
the expected cosmogenic neutrino flux is so low that it
will be hard to detect even for planned neutrino detec-
tors as ARA [21], ARIANNA [22] and GRAND [23] (see
Refs. [19, 20, 24, 25]).
However, these combined-fit studies assume a con-
tinuous distribution of identical sources and rigidity-
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2dependent maximum energies. Under these assumptions,
with a mass composition that is getting increasingly
heavier with energy, it is not possible to obtain even a
subdominant proton contribution at the highest energies.
Just from the measured Xmax data, however, such a pro-
ton component could be present. If, for example, one
would drop the assumption that all sources in the Uni-
verse are identical, such protons could be produced by a
source that can accelerate cosmic rays up to extremely
high energies, but only gives a subdominant contribution
to the full UHECR spectrum.
While such a subdominant proton component has
a limited effect on the spectrum and composition, it
strongly alters the expected cosmogenic neutrino flux.
This is because protons produce significantly more neu-
trinos when propagating through the Universe than heav-
ier nuclei (see e.g. Refs. [26, 27]).
Note that in Ref. [28] combined fits to the UHECR
spectrum and composition are presented for a detailed
model of radio galaxies that does not assume identical
sources or a continuous source distribution. The spec-
trum, composition and large-scale arrival distribution of
UHECRs are well reproduced in this work for sources
with a predominantly light composition and a spectral
index of α ≈ 1.8.
We employ the CRPropa 3 code [29] to simulate the
propagation of UHE protons and secondary neutrinos.
This includes all relevant interactions and energy-loss
processes, namely: photo-pion production, pair produc-
tion, and nuclear decay, as well as adiabatic losses due to
the expansion of the Universe.
Our standard scenario consists of a distribution of ho-
mogeneous and identical sources with the same luminos-
ity, extending up to a redshift of zmax = 4.0. The source
evolution (SE) is a combination of the evolutions of both
the source number density and luminosity, and is given
by:
SE(z) =

(1 + z)m for m ≤ 0
(1 + z)m for m > 0 and z < 1.5
2.5m for m > 0 and z ≥ 1.5
, (1)
where m is the source-evolution parameter. In reality,
the evolution of most source candidates is complex and
cannot be expressed with a single parameter. For typi-
cal source candidates the evolution grows up to a given
redshift 1.0 . z1 . 1.7, reaches a plateau (or increases
very slowly) between z1 and 2.7 . z2 . 4.0, and then
decreases for z > z2. This is the case for gamma-ray
bursts (GRBs) [30], the star formation rate (SFR) [31],
and active galactic nuclei (AGNs) [32]. Some tidal dis-
ruption event (TDE) and BL Lac models, on the other
hand, allow for an overall flat or negative evolution of the
emissivity [33–38]. We approximate and generalize the
redshift evolution of these different source classes with
the function given in Eq. 1. We do not take into account
contributions from z > 4.0 as there the source evolution
function for all source classes mentioned here is decreas-
ing rapidly. Therefore, the contribution to the neutrino
flux from this redshift range is expected to be negligible.
The sources are assumed to have an injection spectrum
dN
dE
∝ E−α exp
(
− E
Emax
)
. (2)
We use the EBL model by Franceschini et al. [39]. Never-
theless, for the energy range of interest (Eν & 1 EeV for
neutrino energies), the CMB is the dominant photon field
for neutrino production, thus implying that the choice of
EBL model has a negligible effects, as shown in Ref. [40].
We perform the simulations in one dimension, i.e., ne-
glecting magnetic fields. Magnetic-field effects might in-
crease the expected cosmogenic neutrino flux by up to a
factor of a few at Eν = 1 EeV [41], depending on the
assumed magnetic-field model and source distribution.
Therefore, our predictions are rather on the conservative
side.
For a fixed proton fraction f the only parameters that
can be varied in our model are: α, Emax and m. We
adopt the following ranges for them: 1.0 ≤ α ≤ 3.0,
19.6 ≤ log(Emax/eV) ≤ 23.0 and −6.0 ≤ m ≤ 7.1.
This choice of parameter ranges encompasses spectral in-
dices, maximum energies, and source evolutions found
in many theoretical models for cosmic-ray sources. The
maximum energy, however, is relatively high compared
to the low Rmax scenarios found in recent phenomeno-
logical interpretations of the data [18–20]. Neverthe-
less, because intrinsic properties of cosmic accelerators
may vary significantly across members of a population
of sources (while these phenomenological studies assume
identical sources throughout the Universe), it is not un-
reasonable to expect that individual sources could have
a higher Rmax. To give an indication for how the results
depend on the spectral index and maximum energy, and
to show what happens for the most commonly used spec-
tral indices, we additionally provide the outcomes for a
more restrictive parameter range of 2.0 ≤ α ≤ 3.0 and
20.0 ≤ log(Emax/eV) ≤ 23.0. A more detailed investiga-
tion of the effects of each of the parameters on the flux of
cosmogenic neutrinos can be found in Refs. [24, 26, 42].
Note that for 17.5 . log(Eν/eV) . 18.5 the neutrino
spectrum is roughly unaffected by the choice of α and
Emax, provided that the latter is not too low. This is
shown in Fig. 1 for the specific case of f = 1.0 and
m = 3.0, but similar behavior is seen for other values of
m and f . These neutrino spectra can straightforwardly
be scaled down to get the results for smaller proton frac-
tions, neglecting the subdominant contribution to the
cosmogenic neutrino flux from heavier nuclei. So, if we
focus on this energy range, the only two parameters that
still have a significant effect on the expected cosmogenic
neutrino flux are m and f .
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FIG. 1. Simulated single-flavor cosmogenic neutrino (ν + ν¯)
spectra (assuming a (νe : νµ : ντ ) = (1 : 1 : 1) flavor ratio)
for pure-proton scenarios with m = 3.0 and f = 1.0. The
corresponding cosmic-ray curves are normalised to the Auger
spectrum [43] at E0 = 10
19.55 eV. For reference, we also
show the IceCube 6-yr HESE data [44] and the Auger [45, 46]
and IceCube [47] differential 90% C.L. upper limits for single-
flavor neutrinos and half-energy-decade fluxes.
In Fig. 2 the proton fraction is plotted as a function of
the source evolution parameter. Here each shaded area
corresponds to a particular level of the cosmogenic neu-
trino flux at Eν = 1 EeV and encloses all of the combina-
tions of m and f that yield that flux level. The width of
the shaded areas results from varying α and Emax within
the indicated ranges.
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FIG. 2. Observable fraction of protons f at ultra-high en-
ergies as a function of the source evolution parameter, m.
Three different single-flavor flux levels at a neutrino energy of
Eν = 1 EeV are shown, corresponding roughly to the current
sensitivity of IceCube and Auger (yellow), and upper (red)
and lower (green) ranges for the expected sensitivity of ARA,
ARIANNA and GRAND200k.
Auger and IceCube have set their current upper limits
on the neutrino flux at Eν = 1 EeV to E
2
νdN/dEν '
10−8 GeV cm−2 s−1 sr−1, which corresponds to the yellow
band in Fig. 2. Therefore, it can be concluded that at
the moment sources following a strong source evolution,
m & 6.0, that would produce a proton fraction of f &
0.27 are already ruled out.
Furthermore, future neutrino experiments will scan
a significant region of the parameter space shown in
Fig. 2. ARA [21], ARIANNA [22] and GRAND200k [23]
will nominally reach sensitivities of E2νdN/dEν ∼
10−9 − 10−10 GeV cm−2 s−1 sr−1. A non-detection
of cosmogenic neutrinos with a sensitivity of ∼
10−9 GeV cm−2 s−1 sr−1 would constrain the proton frac-
tion to f . 0.20 for m & 3.4. A sensitivity of ∼
10−10 GeV cm−2 s−1 sr−1 would give the same constraint
on f for m & −0.2. Additionally, this shows that, for re-
alistic source evolutions and only small amounts of pro-
tons at the highest energies, these experiments have a
strong potential for measuring a cosmogenic neutrino flux
at Eν ≈ 1 EeV.
While the composition and source evolution are de-
generate quantities [48], a prior on one of these two can
be chosen to determine the other. One way to do this
is by focusing on specific candidates for UHECR source
classes. AGN, for example, can be subdivided in different
classes with different redshift evolutions for z < z1, ac-
cording to their luminosities: Medium-Low Luminosity
AGNs (MLL), Medium-High Luminosity AGNs (MHL)
and High Luminosity AGNs (HL) (low luminosity AGNs
are not expected to be able to accelerate cosmic rays up
to ultra-high energies [49]). In table I the constraints on
f are given for these and other possible source classes in
case no neutrinos are detected at Eν ≈ 1 EeV for dif-
ferent flux levels. Only for High Synchrotron Peaked BL
Lacs (HSP) will it be difficult for ARA, ARIANNA and
GRAND to constrain the proton fraction (depending on
the values of α and Emax).
TABLE I. Maximum proton fraction fmaxn for different source
classes, with their redshift evolution parametrized by m (see
Eq. 1), for non-detection at a flux level of E2νdN/dEν =
10n GeV cm−2 s−1 sr−1at Eν ≈ 1 EeV.
HL MHL MLL/SFR GRB BLLac TDE HSP
m 7.1 5.0 3.4 2.1 0.0 [0.0,−3.0] −6.0
fmax−8 0.11 0.59 1 1 1 [1, 1] 1
fmax−9 0.01 0.06 0.20 0.50 1 [1, 1] 1
fmax−10 0.00 0.01 0.02 0.05 0.18 [0.18, 0.67] 1
While the reconstruction of neutrino showers does re-
quire some understanding of high-energy interactions
with the atmosphere, the problem of uniquely identify-
ing the composition of a cosmic ray is evaded by using
neutrinos. Therefore, the method for determining the
fraction of protons in UHECRs proposed here does not
suffer from the large uncertainty in predicting Xmax from
4different hadronic interaction models.
Additionally, this method can be used to determine
the evolution of UHECR sources by combining the cos-
mogenic neutrino measurements with UHECR compo-
sition measurements. Auger already showed that, for
E & 30 EeV, f . 0.20, assuming Sibyll 2.1 [50], QGSJET
II-04 [13] or EPOS-LHC [12] as hadronic interaction
model and fitting a mixture of protons, helium nuclei,
nitrogen nuclei, and iron nuclei [4]. AugerPrime will sig-
nificantly improve these results. With these measure-
ments and a detection of a cosmogenic neutrino flux at
Eν ≈ 1 EeV the evolution of UHECR sources can be
established using Fig. 2. As UHECR source candidates
have a widely varying range of possible source evolutions
this could lead to determining what the most likely source
class for UHECRs is.
It is important to stress that our results only hold for
cosmogenic neutrinos, as opposed to neutrinos produced
via photohadronic, photonuclear, or hadronuclear inter-
actions of UHECRs with the surroundings of a source.
This degeneracy has to be broken before any reliable con-
straint on the proton fraction is derived. It might be
possible to do this by discerning the shape of the spec-
trum for 0.1 . Eν/EeV . 1, which is typically harder
than E−2ν for cosmogenic neutrinos when f > 0 (see
Fig. 1). In addition, it might be possible to remove neu-
trinos originating from identified point sources from the
cosmogenic neutrino flux. In this case a good angular
resolution will be necessary if one wants to discern cos-
mogenic neutrinos from cosmic-ray protons originating in
those point sources from neutrinos produced in interac-
tions in the surroundings of the source, as the deflection
of protons with Ep & 30 EeV by intergalactic magnetic
fields could be small [2, 51] (depending on source distance
and magnetic-field model).
In summary, we have presented a method to constrain
the fraction of UHE protons arriving at Earth, based on
cosmogenic neutrino fluxes. This method is robust in the
sense that it does not directly rely on the inference of the
composition of primary cosmic rays through the showers
they induce in the atmosphere; instead, it relies on the
identification of neutrino-induced air showers, whose sig-
natures are more clear. The constraints that can be de-
rived, however, do depend on assumptions regarding the
redshift evolution of the source emissivity. Nevertheless,
for most typical source evolutions, a proton fraction of
f . 0.20 can definitely be constrained with future de-
tectors such as ARA, ARIANNA and GRAND, provided
that they reach their projected sensitivities. For strong
source evolutions the current limits of IceCube and Auger
already constrain the proton fraction to f . 0.20.
We would like to thank Anatoli Fedynitch for his com-
ments on the paper and the participants of the 2017
SRitp workshop “High-energy neutrino and cosmic-ray
astrophysics - The way forward” at the Weizmann In-
stitute of Science, Israel for useful discussions. AvV ac-
knowledges financial support from the NWO Astropar-
ticle Physics grant WARP and the European Research
Council (ERC) under the European Union’s Horizon
2020 research and innovation programme (Grant No.
646623). RAB is supported by grant #2017/12828-4,
Sa˜o Paulo Research Foundation (FAPESP).
∗ arjen.van.vliet@desy.de
[1] G. R. Farrar and M. S. Sutherland, JCAP 1905, 004
(2019), arXiv:1711.02730 [astro-ph.HE].
[2] R. Alves Batista, M.-S. Shin, J. Devriendt, D. Semikoz,
and G. Sigl, Phys. Rev. D96, 023010 (2017),
arXiv:1704.05869 [astro-ph.HE].
[3] A. Aab et al. (Pierre Auger), Phys. Rev. D90, 122005
(2014), arXiv:1409.4809 [astro-ph.HE].
[4] A. Aab et al. (Pierre Auger), Phys. Rev. D90, 122006
(2014), arXiv:1409.5083 [astro-ph.HE].
[5] M. Unger (Pierre Auger), PoS ICRC2017, 1102 (2018),
arXiv:1710.09478 [astro-ph.HE].
[6] R. U. Abbasi et al. (Telescope Array), Astrophys. J. 858,
76 (2018), arXiv:1801.09784 [astro-ph.HE].
[7] A. Aab et al. (Pierre Auger), arXiv:1604.03637 [astro-
ph.IM].
[8] E. Kido (Telescope Array), PoS ICRC2017, 386 (2018).
[9] A. Aab et al. (Pierre Auger), Phys. Rev. D96, 122003
(2017), arXiv:1710.07249 [astro-ph.HE].
[10] V. de Souza (Pierre Auger, Telescope Array), PoS
ICRC2017, 522 (2018).
[11] F. Riehn, H. P. Dembinski, R. Engel, A. Fedynitch, T. K.
Gaisser, and T. Stanev, PoS ICRC2017, 301 (2018),
arXiv:1709.07227 [hep-ph].
[12] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko,
and K. Werner, Phys. Rev. C92, 034906 (2015),
arXiv:1306.0121 [hep-ph].
[13] S. Ostapchenko, Phys. Rev. D83, 014018 (2011),
arXiv:1010.1869 [hep-ph].
[14] A. Aab et al. (Pierre Auger), Phys. Rev. D90, 012012
(2014), [Erratum: Phys. Rev. D92, 019903 (2015)],
arXiv:1407.5919 [hep-ex].
[15] A. Aab et al. (Pierre Auger), Phys. Rev. D91, 032003
(2015), [Erratum: Phys. Rev. D91, 059901 (2015)],
arXiv:1408.1421 [astro-ph.HE].
[16] A. Aab et al. (Pierre Auger), Phys. Rev. Lett. 117,
192001 (2016), arXiv:1610.08509 [hep-ex].
[17] A. M. Taylor, M. Ahlers, and D. Hooper, Phys. Rev.
D92, 063011 (2015), arXiv:1505.06090 [astro-ph.HE].
[18] A. Aab et al. (Pierre Auger), JCAP 1704, 038 (2017),
arXiv:1612.07155 [astro-ph.HE].
[19] A. Romero-Wolf and M. Ave, JCAP 1807, 025 (2018),
arXiv:1712.07290 [astro-ph.HE].
[20] R. Alves Batista, R. M. de Almeida, B. Lago, and
K. Kotera, JCAP 1901, 002 (2019), arXiv:1806.10879
[astro-ph.HE].
[21] P. Allison et al. (ARA), Astropart. Phys. 35, 457 (2012),
arXiv:1105.2854 [astro-ph.IM].
[22] S. W. Barwick et al. (ARIANNA), Astropart. Phys. 70,
12 (2015), arXiv:1410.7352 [astro-ph.HE].
[23] J. Alvarez-Mun˜iz et al. (GRAND), arXiv:1810.09994
5[astro-ph.HE].
[24] A. van Vliet, J. R. Ho¨randel, and R. Alves Batista,
PoS ICRC2017, 562 (2018), arXiv:1707.04511 [astro-
ph.HE].
[25] J. Heinze, A. Fedynitch, D. Boncioli, and W. Winter,
Astrophys. J. 873, 88 (2019), arXiv:1901.03338 [astro-
ph.HE].
[26] K. Kotera, D. Allard, and A. V. Olinto, JCAP 1010,
013 (2010), arXiv:1009.1382 [astro-ph.HE].
[27] E. Roulet, G. Sigl, A. van Vliet, and S. Mollerach, JCAP
1301, 028 (2013), arXiv:1209.4033 [astro-ph.HE].
[28] B. Eichmann, J. P. Rachen, L. Merten, A. van
Vliet, and J. Becker Tjus, JCAP 1802, 036 (2018),
arXiv:1701.06792 [astro-ph.HE].
[29] R. Alves Batista, A. Dundovic, M. Erdmann, K.-H. Kam-
pert, D. Kuempel, G. Mu¨ller, G. Sigl, A. van Vliet,
D. Walz, and T. Winchen, JCAP 1605, 038 (2016),
arXiv:1603.07142 [astro-ph.IM].
[30] D. Wanderman and T. Piran, Mon. Not. Roy. Astron.
Soc. 406, 1944 (2010), arXiv:0912.0709 [astro-ph.HE].
[31] H. Yuksel, M. D. Kistler, J. F. Beacom, and A. M.
Hopkins, Astrophys. J. 683, L5 (2008), arXiv:0804.4008
[astro-ph].
[32] G. Hasinger, T. Miyaji, and M. Schmidt, Astron. As-
trophys. 441, 417 (2005), arXiv:astro-ph/0506118 [astro-
ph].
[33] P. F. Hopkins, G. T. Richards, and L. Hernquist, Astro-
phys. J. 654, 731 (2007), arXiv:astro-ph/0605678 [astro-
ph].
[34] H. Sun, B. Zhang, and Z. Li, Astrophys. J. 812, 33
(2015), arXiv:1509.01592 [astro-ph.HE].
[35] C. Gue´pin, K. Kotera, E. Barausse, K. Fang, and
K. Murase, A&A 616, A179 (2018), arXiv:1711.11274
[astro-ph.HE].
[36] A. Caccianiga, T. Maccacaro, A. Wolter, R. Della Ceca,
and I. M. Gioia, Astrophys. J. 566, 181 (2002),
arXiv:astro-ph/0110334 [astro-ph].
[37] M. Ajello et al., Astrophys. J. 780, 73 (2014),
arXiv:1310.0006 [astro-ph.CO].
[38] R. Alves Batista and J. Silk, Phys. Rev. D96, 103003
(2017), arXiv:1702.06978 [astro-ph.HE].
[39] A. Franceschini, G. Rodighiero, and M. Vaccari, Astron.
Astrophys. 487, 837 (2008), arXiv:0805.1841 [astro-ph].
[40] R. Alves Batista, D. Boncioli, A. di Matteo, and A. van
Vliet, JCAP 1905, 006 (2019), arXiv:1901.01244 [astro-
ph.HE].
[41] D. Wittkowski and K.-H. Kampert, Mon. Not. Roy. As-
tron. Soc. 488, L119 (2019), arXiv:1810.03769 [astro-
ph.HE].
[42] A. van Vliet, EPJ Web Conf. 135, 03001 (2017),
arXiv:1609.03336 [astro-ph.HE].
[43] F. Fenu (Pierre Auger), PoS ICRC2017, 486 (2018).
[44] C. Kopper (IceCube), PoS ICRC2017, 981 (2018).
[45] A. Aab et al. (Pierre Auger), Phys. Rev. D91, 092008
(2015), arXiv:1504.05397 [astro-ph.HE].
[46] E. Zas (Pierre Auger), PoS ICRC2017, 972 (2018).
[47] M. G. Aartsen et al. (IceCube), Phys. Rev. D98, 062003
(2018), arXiv:1807.01820 [astro-ph.HE].
[48] K. Møller, P. B. Denton, and I. Tamborra, JCAP 1905,
047 (2019), arXiv:1809.04866 [astro-ph.HE].
[49] E. Waxman, New J. Phys. 6, 140 (2004).
[50] E.-J. Ahn, R. Engel, T. K. Gaisser, P. Lipari,
and T. Stanev, Phys. Rev. D80, 094003 (2009),
arXiv:0906.4113 [hep-ph].
[51] S. Hackstein, F. Vazza, M. Bru¨ggen, G. Sigl, and A. Dun-
dovic, Mon. Not. Roy. Astron. Soc. 462, 3660 (2016),
arXiv:1607.08872 [astro-ph.CO].
